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Introduction 50
Phenoloxidases (POs, EC 1.14.18.1) are a class of copper proteins widely distributed in 51 bacteria, fungi, plants and animals (Cerenius et al. 2008 ). They play a key role in melanin 52 production and are implicated in immune defence mechanisms in invertebrates. This class of 53 enzymes include tyrosinases (EC 1.14.18.1), catecholases (EC 1.10.3.1) and laccases (EC 54 1.10.3.2), all capable of o-diphenol oxidation. However, among these three enzymes, only 55 tyrosinases can hydroxylate monophenols (e.g. L-tyrosine), and only laccases can oxidise p-56 diphenols and aromatic compounds containing amine groups (e.g. p-phenylenediamine, PPD) 57 (Thurston 1994 , Solomon et al. 1996 . In addition to that, a panel of inhibitors exert different 58 actions on these three types of enzymes: while 1-phenyl-2-thiourea (PTU) inhibits the three 59 types of PO activities (Williamson 1997 , Jordan and Deaton 2005), 4-hexylresorcinol (4-HR) 60 inhibits tyrosinase and catecholase but not laccase activities (Dawley and Flurkey 1993, 61 Zavarzina and Zavarzin 2006) and cethyltrimethylammonium bromide (CTAB) specifically 62 inhibits laccase activity (Walker and McCallion 1980) . Recently, we conducted a study to 63 identify PO activities present in the haemolymph of the Pacific oyster Crassostrea gigas 64 our knowledge on the immune defence mechanisms in this organism and therefore to a better 83 understanding of the potential causes of summer mortality events. 84
In this general context, our goal was to determine the distribution and the nature of PO 85 activities (tyrosinase, catecholase, and laccase) in different oyster body compartments, namely 86 gills, digestive gland, mantle, muscle, plasma and HLS. PO activities were determined by 87 spectrophotometry using different PO substrates (L-tyrosine, dopamine and PPD) and PO 88 inhibitors (PTU, 4-HR, CTAB). Electrophoretic techniques using polyacrylamide gels are 89 useful to detect PO enzymes and their associated molecular weights in crude extracts without 90 the necessity of enzyme purification ( Devices) and by following the increase of absorbance at 490 nm. Because of solubility 161 constraints, the protocol was slightly modified in the case of PPD: the sample was incubated 162 with 7 µl of PPD (50 mM diluted in methanol) and 123 µl of buffer (no effect of methanol 163 was observed on the enzymatic reactions). PO-like activity was monitored during 2h at 420 164 nm. For all conditions, the experiments were performed with three pooled oyster samples. 165
Each pool was tested in triplicate wells and average rates were calculated by dividing the sum 166 of replicate measurements from the three oyster pools, by the number of measurements, i.e. 9 167 (3 replicate measurements x 3 oyster pools). When L-tyrosine was used as substrate, no PO-like activity was detected in any of the tissues 232 that were tested, i.e. gills, digestive gland, mantle, and muscle (data not shown). When 233 dopamine and PPD were used as substrates, PO-like activity was detected in all oyster tissues 234 ( Fig. 1) . PO-like activity was inhibited by PTU. The inhibition was total in muscle with 235 dopamine as substrate (Fig. 1g) , and in digestive gland (Fig. 1d) , mantle (Fig. 1f ), and muscle 236 ( Fig. 1h ) with PPD as substrate. PO-like activity was insensitive to 4-HR except in the muscle 237 with dopamine as substrate ( Fig. 1g ). By contrast, PO-like activity was fully (or almost fully) 238 inhibited by the laccase inhibitor CTAB (1 mM) in all the oyster tissues with both dopamine 239 and PPD as substrates (Fig. 1) . 240
Since fresh weight differs between the different analyzed tissues (i.e. the gills, digestive 241 gland, mantle and muscle), tissue distribution of PO-like activity was also examined in terms 242 of recovery of enzymatic activity (Table 1) . With dopamine as substrate, the highest total PO-243 like activity was recovered in the digestive gland, followed by the gills, mantle and muscle 244 (Table 1) . With PPD as substrate, the total PO-like activity was considerably higher in the 245 digestive gland compared to the other compartments. 246
When gels were stained with L-tyrosine, no bands were observed, and this, for all the oyster 248 tissues tested, i.e. the gills, digestive gland, mantle, muscle, plasma and HLS (data not 249 shown). However, PO-like activity was detected in all oyster tissues that were analyzed by 250 SDS-PAGE zymographs, with both dopamine and PPD as substrates. 251 PO substrates such as dopamine or PPD can oxidise non-enzymatically. This leads to different 252 intermediary products of the melanization cascade such as quinone radicals. Unspecific 253 reactions between quinone radicals issued from non-enzymatically oxidation reactions and 254 radical species that could be produced by SOD-like proteins are thus likely to take place in 255 zymographic studies (Eibl et al. 2010 ). However, PO-like activity was detected in the 256 presence of laccase from T. versicolor but not in the presence of SOD from bovine 257 erythrocytes (data not shown), confirming that our zymographic conditions were well adapted 258 to discriminate between true PO-like activities and other enzymatic activities involving 259 radical species. 260
With dopamine as substrate, the activity detected for the gills and the mantle corresponded to 261 one upper band with an estimated molecular weight of ~200 kDa and to a lower band with an 262 estimated molecular weight of ~10 kDa (Fig. 2a ). In both tissues, most of the PO activity 263 appeared in the higher molecular mass band. For the digestive gland the activity corresponded 264 to an upper band of ~200 kDa and for the plasma and the HLS to one lower band with an 265 estimated molecular weight of ~10 kDa (Fig. 2a) . Similarly, an upper band with a molecular 266 weight of ~200 kDa was observed in the presence of PPD for the gills and the mantle, but not 267 for the digestive gland (Fig. 2b) , and a lower band with a molecular weight of ~10 kDa was 268 detected in the presence of PPD for the gills, digestive gland, mantle, crude plasma and crude 269 HLS (Fig. 2b) . Again, most activity in samples from the gills and the mantle was evident in 270 higher molecular mass bands. The bands of ~10 kDa are not likely to be an artefact since they 271 stained differentially with dopamine and PPD, depending on the tissue that was analyzed, e.g. 272 stained with PPD but not with dopamine in the digestive gland. Contrary to the other tissues, 273 the activity detected for the muscle, with dopamine and PPD as substrates, corresponded to a 274 band with an estimated molecular weight of ~40 kDa. 275 substrates, suggesting the presence of laccase activity in different tissues from C. gigas (Fig.  316   1) . These results are in agreement with those obtained previously with HLS (Luna-Acosta et 317 al. 2010a). 318
In zymographic studies, catecholase-and/or laccase-but not tyrosinase-like activities were 319 detected in the gills, digestive gland, mantle, muscle, plasma and HLS (Fig. 2) . This coincides 320 with properties of the Asian swimming crab In the present study, when dopamine or PPD were used as substrates, PO-positive bands of 327 ~10, 40 or 200 kDa were detected in C. gigas depending on the tissue. These tissue-dependent 328 differences in molecular weights may be due to (i) the activation state of POs or (ii) the 329 existence of polymeric forms of the enzyme. Indeed, the molecular weights of POs vary 330 depending on the activation state, animal tissue and animal species that are studied ( Table 2) . 331
In molluscs, the molecular weights of POs estimated by exclusion chromatography or SDS-332 PAGE electrophoresis are in the range of 35 to 381 kDa, and in invertebrates, POs occur as 333 monomers, dimers, tetramers or pentamers (Jaenicke and Decker 2003). Thus, differences in 334 molecular weights in the present study may be explained by the existence of polymeric forms 335 of the enzyme. Generally, the molecular weight of monomeric forms is about 40 to 45 kDa, 336 and generally each subunit possesses two copper atoms (Prota et al. 1981) . In the present 337 study, a PO-positive band of ~40 kDa was detected in the muscle of C. gigas, suggesting that 338 a monomeric form of a laccase sensitive to inhibition by 4-HR, or a catecholase sensitive to 339 inhibition by CTAB could be present in the muscle of this species. In the other analyzed 340 tissues, PO-positive bands of ~10 or ~200 kDa were detected, and in the haemolymphatic 341 compartments, PO-positive bands of ~10 kDa were detected. Results of the upper band of 342 ~200 kDa are in agreement with the large range of molecular weights of PO reported for 343 molluscs, i.e. from 35 to 381 kDa (Table 2) . However, to our knowledge, this is the first time 344 that a PO-positive band of ~10 kDa is reported in a mollusc species. A PO-positive band of 345 ~10 kDa was detected in a non-mollusc aquatic invertebrate, the red swamp crayfish 346 with characteristics (i.e. PO-like activity and molecular weight) comparable to that of 348
arthropods. 349
Overall, in the present study, differences between tissues were observed in terms of (i) 
